Influenza A virus (IAV) and rhinovirus (RV) cause human respiratory infections leading to acute exacerbations of chronic respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD). These infections place patients at increased risk of severe lung disease, often requiring hospitalization[@b1][@b2]. For example, during the 2009 IAV H1N1 pandemic, pneumonia occurred chiefly in persons who had exacerbations of pre-existing asthma or COPD[@b3][@b4]. It is as yet unclear why this patient group is susceptible to viruses and go on to develop life-threatening lower airway infections. Intrinsic disease-related or extrinsic treatment-associated factors may contribute.

GCS have potent anti-inflammatory actions that are clinically effective and therapy has become entrenched as daily inhaled treatment for patients with asthma and COPD. Despite known beneficial clinical effects, GCS have documented risks[@b5][@b6] and recent evidence indicates that this treatment requires caution. Inhaled GCS may be associated with an increased incidence of pneumonia in individuals with asthma and COPD exacerbations[@b7][@b8] and GCS inhalers may offer little protection against virus-induced exacerbations of asthma[@b9] and COPD[@b10]. It reflects a complex pathology initiated when respiratory virus infection occurs in the context of pre-existing airway inflammation and a therapy (GCS) having both anti-inflammatory and immune-suppressive characteristics.

Studies examining the impact of GCS therapy on respiratory virus infection in healthy individuals suggest that GCS may enhance virus replication. Treatment with intranasal GCS during naturally occurring RV infections was associated with prolonged shedding of virus in nasal washes[@b11], whilst oral GCS therapy prior to experimental RV infections in healthy individuals increased virus replication in nasal washes[@b12]. This evidence, albeit circumstantial, implies that GCS therapy, when combined with intercurrent respiratory virus infection, may lead to more severe infections and detrimental outcomes.

Innate anti-viral immunity is a key defence mechanism against viruses but the impact of GCS on these responses in the airways is also unclear. Although *in vitro* studies have illustrated the ability of GCS to suppress RV-induced pro-inflammatory cytokine production by lung epithelial cells[@b13][@b14] and fibroblasts[@b15], the influence of GCS on type I and III interferon (IFN) production and subsequent induction of IFN-stimulated genes (ISGs) is not well characterized. In the only pertinent study, GCS were shown to inhibit the induction of the ISG *MxA* in RV-stimulated human peripheral blood mononuclear cells from healthy individuals[@b16].

In this proof-of-concept study we demonstrate that GCS treatment dampens anti-viral responses and enhances respiratory virus replication. Furthermore, intranasal treatment of mice with GCS enhances IAV replication, reduces anti-viral responses and increases mortality. Addition of IFNs lessens the impact of GCS on virus replication. Together, these data demonstrate that GCS may have deleterious consequences during respiratory virus infections by blunting IFN-mediated anti-viral responses, effects that may be offset by adjuvant IFN therapy.

Results
=======

GCS inhibit anti-viral and cytokine responses in primary human airway cells
---------------------------------------------------------------------------

Innate anti-viral responses induced by type I and III IFNs play an important role in host defense following virus infection. To examine the effects of GCS on anti-viral and cytokine responses, primary human airway cells isolated from healthy subjects were treated with fluticasone propionate (GCS) for 24 hrs, with a concentration as reported and reflective of levels achieved by inhalation in humans (10 nM[@b14][@b17]). Cell monolayers were then washed and incubated with RV (RV16) or IAV (A/Solomon Islands/3/2006, H1N1) and anti-viral and cytokine responses were examined at several time points following infection.

We first examined type I and III IFN proteins in cell supernatants from virus-infected primary human airway cells by ELISA. Consistent with previous reports[@b15][@b18][@b19], the levels of IFNα and IFNλ proteins in cell supernatants from human primary bronchial epithelial cells (PBEC), primary airway fibroblasts (PAF) and primary airway macrophages (PAM) were below the level of detection, at 24 and 48 hrs following RV or IAV infection (data not shown). We therefore examined the mRNA expression of IFN genes by RT-PCR. GCS treatment of PBEC, PAF or PAM prior to IAV or RV infection did not significantly alter the expression of *IFNα*, *IFNβ* or *IFNλ~1~* genes, 24 hrs post-infection ([Fig. 1A--C](#f1){ref-type="fig"}).

Binding of type I and III IFNs to their unique receptors results in the induction of a large number of ISGs with anti-viral properties[@b20]. We next assessed if GCS treatment of human airway cells prior to virus infection alters the induction of anti-viral genes using RT-PCR. Preliminary experiments were performed to determine the time at which significant up-regulation of ISG mRNA was detected following RV and IAV infection. mRNA expression of the ISGs *IFIT1*, *ISG15*, *MxA*, *2′5′OAS*, *viperin* and *RIG-I* was significantly reduced 24 hrs following IAV infection and 48 hrs following RV infection, in GCS pre-treated PBEC ([Fig. 1D](#f1){ref-type="fig"}) and PAF ([Fig. 1E](#f1){ref-type="fig"}). In addition, mRNA levels of *MxA, viperin* and *RIG-I* were significantly lower in GCS pre-treated PAM 24 hrs following IAV infection, while *ISG15, viperin* and *RIG-I* gene expression was significantly decreased 24 hrs post-RV infection in PAM pre-treated with GCS ([Fig. 1F](#f1){ref-type="fig"}).

We next aimed to confirm the previously reported inhibitory effects of GCS on virus-induced pro-inflammatory cytokine production *in vitro*[@b13][@b15][@b18]. Initial experiments were performed to determine the optimal time points to examine cytokine production by each cell type, following RV and IAV infection. GCS pre-treatment of PBEC significantly reduced IL-6, IL-8 and IP-10 production, 24 and 48 hrs following IAV and RV infection, respectively ([Fig. 2A](#f2){ref-type="fig"}). Significant production of MCP-1 was not observed following RV or IAV infection (data not shown). GCS pre-treatment of PAF prior to IAV infection decreased IL-6, IL-8 and IP-10 production at 48 hrs post-infection but had no effect on MCP-1 production ([Fig. 2B](#f2){ref-type="fig"}). Production of IP-10 was not altered by GCS pre-treatment of PAF prior to RV infection and levels of IL-6, IL-8 and MCP-1 were not increased by RV infection alone at 48 hrs post-infection ([Fig. 2B](#f2){ref-type="fig"}). There was no significant production of RANTES by PAF following IAV or RV infection (data not shown). Finally, GCS pre-treatment of PAM reduced levels of IL-6, IL-8 and TNFα at 24 hrs following IAV infection, as well as IL-8 and IP-10 following RV infection ([Fig. 2C](#f2){ref-type="fig"}). Significant production of IL-1β, MCP-1 or RANTES by PAM was not observed in response to RV or IAV infection (data not shown). Taken together these *in vitro* studies demonstrate that GCS inhibit anti-viral responses and confirm the reported anti-inflammatory actions of GCS *in vitro*.

GCS treatment enhances viral replication in primary human airway cells
----------------------------------------------------------------------

IAV and RV infection of airway epithelial cells and fibroblasts leads to virus replication[@b21][@b22]. In contrast, resident alveolar macrophages are susceptible to IAV and RV infection but virus replication is limited[@b23][@b24]. We investigated if the GCS-mediated impairment of anti-viral responses in primary human airway cells we observed ([Fig. 1](#f1){ref-type="fig"}) was associated with changes in virus infection and/or replication.

Treatment of PBEC and PAF with GCS for 24 hrs prior to IAV infection significantly increased the levels of infectious virus in cell supernatants 24, 48 and 72 hrs following infection ([Fig. 3A](#f3){ref-type="fig"}, left panels). In agreement with previous reports[@b18][@b25], GCS pre-treatment of PBEC did not alter RV replication at 24 or 48 hrs following infection but levels of infectious virus in supernatants from PBEC were significantly increased by GCS at 72 hrs. In addition, we did not observe any significant differences in viral titers 24 hrs following RV infection of PAF ([Fig. 3A](#f3){ref-type="fig"}, right panel), as described by Val Ly *et al*[@b15]. We did, however, detect elevated viral replication in GCS pre-treated PAF at 48 and 72 hrs following RV infection. In addition, the GCS-mediated elevation of infectious RV in cell supernatants correlated with significant increases in viral RNA isolated from PBEC and PAF ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). No substantial virus amplification was detected between 2 and 24 hrs following IAV or RV infection of PAM (data not shown). Immunofluorescent staining for viral proteins indicated that GCS pre-treatment of PBEC, PAF or PAM did not significantly alter the proportion of cells infected at 8 hrs following RV or IAV infection ([Supplementary Table S1](#s1){ref-type="supplementary-material"}). This finding indicates that the observed effects on viral titers were due to enhanced virus replication overall rather than being the result of greater numbers of cells primarily infected.

We have demonstrated that pre-treatment of PBEC and PAF with fluticasone propionate (GCS) increases virus replication ([Fig. 3A](#f3){ref-type="fig"}). We next examined the effects of additional GCS routinely used for the management of respiratory diseases, such as dexamethasone (Dex) and budesonide (Bud), on virus replication. Treatment of PBEC with 10 nM Dex or 10 nM Bud for 24 hrs prior to IAV infection resulted in increased levels of infectious virus in cell supernatants at 24, 48 and 72 hrs post-infection ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}).

Type I and III IFNs counteract the effect of GCS on virus replication in primary human airway cells
---------------------------------------------------------------------------------------------------

We next examined the ability of human type I and III IFNs to reduce the impact of GCS on viral replication in primary human airway cells. It has been reported that fibroblasts do not respond to IFNλ[@b26]. We therefore performed initial studies to evaluate whether stimulation of PBEC, PAF or PAM with human IFNα~2~, IFNβ or IFNλ~1~ (250 IU/ml) increased mRNA expression of ISGs. Addition of IFNα~2~ or IFNβ to PBEC, PAF and PAM resulted in significant induction of *ISG15*, *IFIT1* and *viperin* at 3 hrs following stimulation. However, as expected only PBEC and PAM responded to IFNλ~1~ (data not shown).

We next pre-treated PBEC and PAF with GCS for 24 hrs, infected with IAV or RV for 1 hr and then stimulated with human IFN or media alone. Addition of IFNα~2~, IFNβ or IFNλ~1~ to GCS pre-treated PBEC reduced the levels of infectious RV and IAV in cell supernatants compared to control cells not treated with IFN ([Fig. 3B](#f3){ref-type="fig"}). Furthermore, addition of IFNα~2~ or IFNβ to GCS-treated PAF 1 hr following infection significantly lessened RV and IAV titers.

Treatment of mice with GCS prior to IAV infection results in the induction of severe disease associated with amplified viral replication
----------------------------------------------------------------------------------------------------------------------------------------

Having established *in vitro* that GCS treatment of primary human airway cells dampens the innate anti-viral response ([Fig. 1](#f1){ref-type="fig"}) and enhances viral replication ([Fig. 3](#f3){ref-type="fig"}), we treated primary mouse airway epithelial cells (mAEC) cultured from C57BL/6 mice with GCS *in vitro* for 24 hrs prior to IAV infection (HKx31, H3N2). Consistent with our experiments in human PBEC, GCS pre-treatment of primary mAEC significantly increased IAV replication at 24 and 48 hrs following infection ([Fig. 4A](#f4){ref-type="fig"}).

We next used a well-characterized mouse model of IAV infection (HKx31) to examine the effects of GCS treatment *in vivo*. Mice were treated with GCS (20 μg) or PBS alone via the intranasal route 48 and 24 hrs prior to infection with 10^2^ PFU of IAV. Mice received additional doses of GCS 24 hrs following infection and every 48 hrs thereafter. This GCS dose schedule is comparable to the doses of inhaled GCS given to humans and has been used in other studies[@b27][@b28]. Animals were monitored daily for changes in body weight and survival over an 8-day period. GCS-treated mice infected with IAV lost significant weight, displayed signs of disease (inactivity and ruffled fur) and all mice were euthanized 5 days following infection ([Fig. 4B](#f4){ref-type="fig"}). In contrast, IAV-infected mice treated with PBS did not lose weight or display visible signs of disease over the 5-day period, nor did uninfected PBS or GCS-treated control animals ([Fig. 4B](#f4){ref-type="fig"}).

We next examined the viral loads in the upper (nasal tissues) and lower (lung) respiratory tract of IAV-infected mice treated with PBS or GCS. Viral loads were significantly elevated in the lung and nasal tissues of GCS-treated mice compared to PBS-treated controls on days 1, 3 and 5 following IAV infection ([Fig. 4C](#f4){ref-type="fig"}).

GCS treatment of mice results in heightened inflammatory responses in the airways following IAV infection
---------------------------------------------------------------------------------------------------------

The cellular infiltrate and pro-inflammatory cytokines produced in the airways could be critical factors contributing to the enhanced disease severity observed in GCS-treated mice infected with IAV. The cellular inflammatory response to IAV infection was assessed in the airways via flow cytometry analysis of bronchoalveolar lavage (BAL) fluid. Mice were treated with GCS or PBS 48 and 24 hrs prior to infection with IAV as described previously. At days 3 and 5 following IAV infection, no differences were noted in the total numbers of CD45^+^ leukocytes in the BAL fluid between GCS and PBS-treated mice ([Fig. 5A](#f5){ref-type="fig"}). Increased numbers of neutrophils were detected in the airways of GCS-treated mice at day 3 post-infection ([Fig. 5A](#f5){ref-type="fig"}). Airway macrophages (AM), dendritic cells (DCs) and inflammatory macrophages (IM) numbers in the BAL fluid were decreased by GCS treatment at day 3 but not at day 5 post-infection ([Fig. 5A](#f5){ref-type="fig"}).

We next examined levels of cytokines in BAL fluids from IAV-infected mice. Significantly elevated levels of IL-6 and MCP-1 were detected in the BAL fluid from mice treated with GCS compared to PBS controls, at day 3 and 5 post-infection ([Fig. 5B](#f5){ref-type="fig"}). Levels of TNFα and KC were increased in GCS-treated mice at day 3 but not at day 5 post-infection. No differences were seen in the levels of RANTES or IFNγ at either time point (data not shown).

Treatment of mice with GCS prior to IAV infection inhibits the anti-viral response
----------------------------------------------------------------------------------

Having established that GCS treatment in mice prior to IAV infection results in more severe disease, enhanced viral replication and an increased inflammatory response, we sought to examine if treatment of mice with GCS alters the anti-viral response elicited following IAV infection. Mice were treated with GCS and infected with IAV, as previously described. At day 1 following IAV-infection, GCS-treated mice had significantly reduced levels of IFNα, IFNβ and IFNλ~2~ proteins in BAL fluid ([Fig. 6A](#f6){ref-type="fig"}). Furthermore, at day 2 post-infection, mRNA expression of *Ifnα* and *Ifnλ~2~* as well as the ISGs *Ifit1*, *Ifit2* and *Isg15*, were significantly reduced in lung tissue from mice treated with GCS ([Fig. 6B--C](#f6){ref-type="fig"}).

A single intranasal treatment of IFN delays the onset of severe disease in GCS-treated animals
----------------------------------------------------------------------------------------------

As we had established a deficiency in the anti-viral response in mice treated with GCS, we next evaluated the ability of intranasal administration of type I and III IFNs to lessen disease severity in these mice. Mice were treated with GCS or PBS alone prior to and during infection with IAV, as previously described. GCS-treated mice were administered a single dose (3000 IU) of mouse IFNα~1~, IFNβ or IFNλ~2~ via the intranasal route 24 hrs post-infection. Mice were monitored daily for changes in body weight ([Fig. 7A](#f7){ref-type="fig"}) and survival ([Fig. 7B](#f7){ref-type="fig"}) over an 11-day period. GCS-treated mice that did not receive IFN developed severe disease and were euthanized 5 days following IAV infection. In contrast, GCS-treated mice that received IFNα~1~, IFNβ or IFNλ~2~ were euthanized on days 7 (IFNα~1~) and 9 (IFNβ or IFNλ~2~) post-infection.

We also examined viral loads in the respiratory tract of GCS-treated, IAV-infected mice treated with IFN or PBS alone. Viral loads were significantly reduced in the lungs and nasal tissues of GCS-treated mice that received intranasal IFNα~1~, IFNβ or IFNλ~2~, compared to GCS-treated mice that received PBS alone, at day 2 following IAV infection ([Fig. 7C](#f7){ref-type="fig"}).

Discussion
==========

In this proof-of-concept study we demonstrate *in vitro* and *in vivo* that GCS treatment increases virus replication in the respiratory tract. The mechanism is dampened type I and III IFN production with diminished downstream IFN-regulated responses. GCS treatment of mice also altered inflammatory cell profiles and caused a paradoxical increase in pro-inflammatory cytokines in the airways accompanied by enhanced disease severity. Taken together our findings highlight the complex and potentially detrimental impact of GCS on respiratory tract virus infections.

The interaction between GCS and virus infection is controversial. In contrast to our findings, Bochkov *et al* found no effect of the GCS budesonide on RV replication or IFN production *in vitro*[@b18]. However, the GCS dose was high (approximately 170 times higher than in the current study) which may have suppressed cellular ICAM expression and concealed increased virus replication. The 24 hr time point may also have been too early to detect increased replication since this only occurred at 72 hrs (see [Fig. 3A](#f3){ref-type="fig"}). Also in contrast to our results with a group A RV strain, Suzuki *et al* demonstrated that GCS treatment of human tracheal epithelial cells reduced replication of a genetically distinct group B strain (RV14)[@b29]. Although IFN responses were not reported and investigational protocols were different, these findings suggest that the effect of GCS on virus infections may vary depending on cell type and experimental factors.

The effect of GCS on IFN responses is also not clear since asthma itself may be associated with higher IFN production during virus exacerbations[@b30][@b31]. Miller *et al* detected raised IFN-λ~1~ in children with wheeze[@b30] and IFN-γ was raised in another clinical study[@b31]. Neither study investigated separately the effect of GCS treatments on virus replication and IFN production. Assays for IFNs were performed on nasal secretions and induced sputum and not in airway epithelial cells and further research is warranted.

Analogous clinical studies have been limited by methodological constraints. A large retrospective study found no evidence of excess risk of pneumonia in asthma[@b32] and another study reported that GCS is equally effective in cold-related and unrelated asthma exacerbations[@b33]. Nevertheless, prospective studies have never been done employing virus sampling as well as accurate diagnosis of pneumonia and these will be required to verify safety of GCS in the setting of virus infections and asthma exacerbations.

There are strong indications that type I and III IFN gene expression is reduced in patients with moderate[@b25][@b34] and severe[@b35] atopic asthma and this phenomenon has also been reported in COPD[@b36]. Impairment is associated with increased RV replication[@b25][@b34]. Importantly, individuals with mild/well-controlled asthma[@b37][@b38] and mild asthma[@b39] displayed no differences in IFN levels suggesting that reduced IFN production may be the consequence of airway inflammation and connected to disease severity. A key consideration is that moderate and severe asthmatics and patients with COPD are invariably treated with GCS that may cause immune suppression, more so at higher doses. Intrinsic disease-related immune suppression has thus made it problematic to investigate whether extrinsic factors (GCS) contribute to a blunted immune response. This is further complicated by anti-inflammatory benefits of GCS that may obscure their detrimental actions. With this perspective we have excluded the effect of underlying lung disease and primarily examined GCS activities in healthy human lung cells *in vitro* and an *in vivo* mouse model. Additionally, we have examined the effect of a single dose of GCS treatment of human cells *in vitro*, which may underestimate the effects of repetitive use of GCS by patients with asthma or COPD.

GCS in clinically relevant doses increased virus replication but we did not observe significant reductions in the expression of *IFNα*, *IFNβ* and *IFNλ* genes in PBEC, PAF or PAM treated with GCS prior to RV or IAV infection ([Fig. 1](#f1){ref-type="fig"}). This was not unexpected since IFN responses are transient, peaking at variable times, therefore changes may be difficult to detect *in vitro*. However, our *in vivo* studies unambiguously demonstrated that mRNA expression and protein levels of IFNα, IFNβ and IFNλ were significantly reduced in the lungs of GCS-treated mice following IAV infection ([Fig. 6](#f6){ref-type="fig"}). As an alternative approach we also measured ISG expression since they are reliable surrogate indicators of IFN-signaling[@b20]. As shown, GCS reduced the expression of ISGs such as *IFIT1* and *ISG15* ([Fig. 1](#f1){ref-type="fig"}), whilst increasing virus replication ([Fig. 3](#f3){ref-type="fig"}, [Supplementary Fig. S2](#s1){ref-type="supplementary-material"}), in both primary human airway cells and mouse lung ([Fig. 4C](#f4){ref-type="fig"}). In the mouse model GCS-mediated enhanced infection was associated with more severe illness and in human disease it is possible that amplified virus infections may predispose to more frequent bacterial secondary infections and pneumonia[@b40][@b41]. Higher levels of virus infection may also oppose some of the beneficial anti-inflammatory actions of GCS as suggested by findings noted in our mouse model.

GCS treatment of human PBEC, PAF and PAM inhibited production of pro-inflammatory cytokines such as IL-8 and IL-6, following virus infection ([Fig. 2](#f2){ref-type="fig"}) but this contrasted with responses in our mouse model. In mice, GCS treatment was associated with an increase in neutrophils and a reduction in dendritic cell (DC), airway macrophage (AM) and inflammatory macrophage (IM) numbers, 3 days following infection ([Fig. 5A](#f5){ref-type="fig"}). In addition, GCS-treated mice displayed elevated levels of the cytokines IL-6, MCP-1 and KC in the airways ([Fig. 5B](#f5){ref-type="fig"}). The usual anti-inflammatory properties of GCS may therefore be counterbalanced *in vivo* by enhancement of virus replication and augmented inflammatory responses. This observation is in accord with BAL and biopsy studies that have shown that GCS do not prevent airway inflammation caused by RV infection of both healthy and asthmatic volunteers[@b42][@b43].

GCS therapies have been implicated in the development of pneumonia in asthma and COPD in some[@b7][@b8] but not all studies[@b32]. In addition, GCS may have limited ability to prevent virus exacerbations[@b9][@b10]. Given the anti-inflammatory clinical benefits of GCS in these diseases, the development of improved preventive therapies or strategies to counter virus infections will be a significant advance. IFNα and IFNβ have been used therapeutically to treat several conditions such as viral hepatitis and multiple sclerosis and a recent study of inhaled IFNβ in asthma demonstrated safety and efficacy in patients with disease exacerbations[@b44]. In the mouse model, intranasal delivery of IFNα, IFNβ or IFNλ2 into the lung of GCS-treated mice 24 hours following infection delayed the onset of disease by several days ([Fig. 7A/B](#f7){ref-type="fig"}) and reduced viral loads ([Fig. 7C](#f7){ref-type="fig"}). This approach is feasible since the type I IFN receptor complex (IFNAR1/2) is ubiquitously expressed on all cell types, while the type III receptor (IFNλR1) is selectively expressed on epithelial cells, such as those that line the airways (reviewed by[@b45]). Recent studies have suggested that type III IFNs could provide a therapeutic alternative over type I IFNs, as they appear to induce fewer side effects, possibly due to their cell-specific actions[@b46]. Inhaled IFNλ may therefore be a potential therapeutic adjuvant for improved treatment of virus infections in patients undergoing GCS therapy and further studies are needed.

In summary, our findings indicate that GCS suppress host innate immune responses, reducing cardinal early protective mechanisms and causing more severe infections. We also demonstrate the potential of IFNs to offset the impact of GCS on innate immune responses. Overall, although GCS therapy can be beneficial, our studies provide a rationale for further studies to examine GCS activities and the potential of IFN as an adjuvant therapy for individuals who rely on GCS treatments.

Methods
=======

Culture of primary human airway cells
-------------------------------------

Primary human airway cells were obtained from normal subjects whom were non-smokers or had not smoked for \>15 years and none had a diagnosis of asthma or COPD (normal FEV~1~ measurements). Studies were approved by the Monash Health and Monash Medical Centre Human Research Ethics Committee, consent was obtained from all subjects and studies were conducted in accordance with the approved guidelines. Primary bronchial epithelial cells (PBEC) were obtained from bronchial brushings and cultured under submerged conditions on collagen-coated flasks (MP Biomedicals, USA) in supplemented bronchial epithelial growth medium (BEGM; Lonza, Australia). Primary airway fibroblasts (PAF) were obtained from bronchial tissue obtained from resection or biopsy as described previously[@b21]. All bronchial biopsies and brushings were obtained from the same anatomical regions (bronchial generations 4--7) and were used within 5 passages. Primary airway macrophages (PAM) were obtained via bronchoalveolar lavage (BAL) during routine bronchoscopy and cultured overnight before experimentation. PAF and PAM were cultured in minimum essential medium (MEM, Gibco, USA) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin.

Virus infection and GCS treatment of primary human airway cells
---------------------------------------------------------------

Human RV serotype 16 and the seasonal IAV strain A/Solomon Islands/3/2006 (H1N1) were propagated, purified and titrated as previously described[@b21][@b23]. Preliminary experiments were performed to determine the optimal virus dose for each cell type. Human airway cells were treated with 10 nM fluticasone propionate (GCS, Sigma Aldrich, USA) or diluent alone (mock) for 24 hrs in 24-well plates. Cell counts were performed to ensure GCS did not significantly alter cell numbers 24 hrs following treatment. In some experiments, cells were treated for 24 hrs with 10 nM dexamethasone (Dex; Sigma Aldrich, USA) or 10 nM budesonide (Bud; AstraZeneca, Australia).

Primary human airway cells (approximately 80% confluency) were washed and infected with RV or IAV in serum free MEM or BEGM without hydrocortisone for 1 hr at a multiplicity of infection (MOI) of 1 (PBEC), 3 (PAF) or 5 (PAM). Cell monolayers were then washed and incubated in BEGM without hydrocortisone (PBEC) or MEM supplemented with 2% FCS (PAF and PAM). Samples infected with IAV were cultured in the presence of 4 μg/ml trypsin to permit multiple rounds of replication.

In some experiments, primary human cells were treated with GCS for 24 hrs, infected and then incubated in media containing 250 IU/ml human IFNα~2a~ (Roferon-A, Roche, USA), IFNβ~1a~ (Rebif 44, Merck, Germany) or IFNλ~1~ (PBL Interferon Source, USA) for 24, 48 or 72 hrs.

Levels of infectious virus in primary cell culture supernatants were determined at 24, 48 and 72 hrs following infection by titration on Ohio Hela cells (RV) or by standard plaque assay on MDCK cells (IAV). To examine virus infection, cells were fixed at 8 hrs post-infection with 80% acetone and then stained with anti-nuclear protein (IAV) or anti-3C protease (RV) antibodies (a gift from James Gern, Madison, WI), as previously described[@b23].

Gene expression in human airway cells
-------------------------------------

Total RNA was isolated from frozen primary human cell lysates 24 and 48 hrs following RV or IAV infection using TRI Reagent (Molecular Research Centre, Cincinnati, USA) and reverse transcription performed using Multiscribe Reverse Transcriptase (Invitrogen, USA). RT-PCR reactions were performed using FastStart SYBR Green Master Mix (Roche, USA) on a Corbett Rotor-Gene 3000 machine[@b21]. Gene expression was calculated relative to *18S*. See [Supplementary Table S2](#s1){ref-type="supplementary-material"} in the [supplemental material](#s1){ref-type="supplementary-material"} for target genes and primer sequences. Viral RV RNA was quantified as previously described[@b21].

Detection of human cytokines
----------------------------

Levels of cytokines in primary human cell supernatants were determined at 24 and 48 hrs following virus infection by Cytometric Bead Array (CBA) Human Inflammation and Chemokine Kits (BD Biosciences, USA). Levels of human IFNα in cell supernatants were determined by sandwich ELISA using mouse monoclonal (clone MMHA-11) and rabbit polyclonal antibodies (PBL Interferon Source, USA). Human IFNλ~2~ was quantified by ELISA (R&D Systems, USA).

Preparation and infection of primary mouse airway epithelial cells (mAEC)
-------------------------------------------------------------------------

Mouse AEC cultures were prepared from female C57BL/6 mice as previously described[@b22], with minor modifications. Briefly, lungs from mice were digested in 1.5 mg/ml Pronase (Roche, USA), 0.1 mg/ml DNase I (Sigma-Aldrich, USA) for 1 hr at 37°C in 5% CO~2~. Single cell suspensions were incubated with purified rat anti-mouse CD45 antibody (BD Biosciences, USA) and epithelial cells negatively enriched with BioMag goat anti-rat Ig-coupled magnetic beads (Qiagen, USA). Cells were cultured on collagen-coated (MP Biomedicals, USA) plates in DMEM/F-12 media (Gibco, USA) supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin and 5 μg/ml insulin (Sigma-Aldrich). To confirm cell purity, monolayers were detached with 3 mM EDTA and cells stained with mouse anti-EpCAM antibodies (BioLegend, USA) and examined by flow cytometry. Cell monolayers were negative for the presence of fibroblasts (anti-mouse vimentin (Santa Cruz, USA)). Monolayers were infected with the HKx31 strain of IAV (H3N2, MOI 1) in serum free DMEM/F-12 for 1 hr and then washed and incubated in DMEM/F-12 supplemented with 2% FCS and 4 μg/ml trypsin for 24 or 48 hrs.

Influenza virus infection and treatment of mice
-----------------------------------------------

Mice (6--8 week old female C57BL/6) were anesthetized and infected with 10^2^ PFU of HKx31 (H3N2) via the intranasal (i.n.) route in 50 μl PBS. Groups of 5 mice were treated i.n. with 20 μg fluticasone propionate diluted in 50 μl PBS or PBS alone for 48 and 24 hrs prior to infection and additional doses 24 hrs post-infection and every 48 hrs thereafter. In some experiments, mice were treated i.n. with 3000 IU of mouse IFNα~1~, IFNβ or IFNλ~2~ (PBL Interferon Source, USA) in 50 μl of PBS, 24 hrs post-infection.

Mice were weighed daily and assessed for visual signs of clinical disease, including inactivity, ruffled fur, labored breathing and huddling behavior. Animals that had lost ≥15% of their original body weight were euthanized. Research was approved by the Monash University Animal Ethics Committee and studies were conducted in accordance with the approved guidelines. Levels of infectious virus in lung and nasal tissue homogenates were determined by standard plaque assay on MDCK cells.

Recovery and characterization of leukocytes in the airways of mice
------------------------------------------------------------------

BAL cells were obtained and analysed by flow cytometry as previously described[@b23]. For flow cytometric analysis, BAL cells were incubated with supernatants from hybridoma 2.4G2 to block Fc receptors, followed by staining with monoclonal antibodies to CD45, Ly6C, Ly6G, CD11c and I-A^b^ (BD Biosciences, USA). Leucocytes, neutrophils, airway macrophages (AM) and dendritic cells (DC) were identified as described previously[@b23]. Inflammatory macrophages (IM) were identified as Ly6G^−^ Ly6C^+^. Living cells (propidium iodine negative) were analysed using a BD FACS Canto II flow cytometer (BD Biosciences, USA).

Detection of cytokines in mouse BAL fluids
------------------------------------------

Levels of cytokines in BAL fluid of mice were determined using Cytometric Bead Array (CBA) Mouse Inflammation or Flex Kits (BD Biosciences, USA). Levels of mouse IFNα were determined by sandwich ELISA using mouse monoclonal (clone F18, Thermo Scientific, USA) and rabbit polyclonal antibodies (PBL Interferon Source, USA). Levels of mouse IFNβ were determined by sandwich ELISA using mouse monoclonal (clone 7F-D3, Abcam, UK) and rabbit polyclonal antibodies (PBL Interferon Source, USA). Mouse IFNλ~2~ was quantified by ELISA (R&D Systems, USA).

Analysis of gene expression in mouse lung tissue
------------------------------------------------

Lungs were excised from mice and immediately frozen in liquid nitrogen. Total RNA was extracted using TRIsure (Bioline, UK). RNA (1 μg) was DNase-treated (Promega, USA) and reverse-transcribed to cDNA using M-MLV reverse transcriptase (Promega, USA), according to the manufacturer\'s instructions. RT-PCR reactions were performed using SYBR Green (Invitrogen, USA) on an Applied Biosystems 7900HT Fast Real-Time PCR Machine. Gene expression was calculated relative to the housekeeping gene *Gapdh*. See [Supplementary Table S2](#s1){ref-type="supplementary-material"} for target genes and primer sequences.

Statistical analyses
--------------------

For comparison of two sets of values, Student\'s *t*-test (two-tailed, two-sample equal variance) was used. When comparing ≥ three sets of values, data were analyzed by one-way ANOVA and Tukey\'s multiple comparison test.
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![Treatment of primary human airway cells with GCS prior to respiratory virus infection reduces innate anti-viral responses.\
Monolayers of PBEC, PAF or PAM were treated with GCS for 24 hrs, washed and then infected with IAV (left panels) or RV (right panels). RNA was extracted from cell monolayers at 24 or 48 hrs post-infection and RT-PCR performed. mRNA expression of (A--C) *IFNα*, *IFNβ* and *IFNλ~1~* genes and (D--F) ISGs *IFIT1*, *ISG15*, *MxA*, *2′5′OAS*, *viperin* and *RIG-I* was measured. Data is relative to the expression of *18S* and represents the mean of a minimum of 3 replicate samples ± SD. Data is representative of cultures from a minimum of 3 independent donors. Expression significantly reduced in virus-infected samples treated with GCS, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f1){#f1}

![GCS pre-treatment of primary human airway cells reduces the production of pro-inflammatory cytokines following virus infection.\
Monolayers of (A) PBEC, (B) PAF or (C) PAM were treated with GCS for 24 hrs, washed and then infected with RV or IAV. Concentrations of cytokines in cell culture supernatants were determined by CBA at 24 or 48 hrs post-infection. The detection limit of each mediator is indicated as a dotted line. Data represents the mean of a minimum of 3 replicate samples ± SD and is representative of cultures from a minimum of 3 independent donors. Levels significantly reduced in virus-infected samples treated with GCS, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f2){#f2}

![GCS pre-treatment of primary human airway cells enhances viral replication; an effect blunted by IFN.\
PBEC or PAF were treated with GCS for 24 hrs, washed and then infected with IAV (left panels) or RV (right panels). (A) Levels of infectious virus in cell supernatants were determined by plaque assay (IAV) or titration (RV). Data represent the mean ± SD from triplicate samples and are representative of a minimum of cultures from 3 independent donors. Infectious virus in cell supernatants significantly increased with GCS treatment, \* *p* \< 0.05, \*\*\* *p* \< 0.001, Student\'s *t*-test. (B) At 1 hr following IAV or RV infection, monolayers were stimulated with 250 IU/ml of human IFNα~2~, IFNβ or IFNλ~1~ and levels of infectious virus in cell supernatants were determined at the time points indicated. The detection limit of the assay is indicated as a dotted line. Data represent the mean ± SD from triplicate samples and are representative of a minimum of cultures from 3 independent donors. Infectious virus in cell supernatants significantly reduced by addition of IFN in both GCS treated and mock-treated infected cells, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f3){#f3}

![Mice treated with GCS prior to IAV infection develop severe disease.\
(A) Monolayers of primary mouse airway epithelial cells (mAEC) were treated with GCS for 24 hrs, washed and infected with IAV (HKx31, MOI 1). Levels of infectious virus in cell supernatants were determined by plaque assay at 24 and 48 hrs post-infection. Bars represent the mean ± SD from triplicate samples. Viral titer significantly increased with GCS treatment, \*\*\* *p* \< 0.001, Student\'s *t*-test. (B) Groups of 5 C57BL/6 mice were treated with 20 μg GCS via the intranasal route 48 hrs and 24 hrs prior to inoculation with 10^2^ PFU of IAV (HKx31). Mice received additional doses of GCS 24 hr post-infection and every 48 hrs thereafter. Uninfected mice treated with PBS or GCS were included for comparison. Mice were observed daily for weight loss (left panel). Mice which had lost ≥15% of their original body weight were euthanized. Data represents the mean % weight change ± SEM. Survival plots are shown (right panel). (C) Titers of infectious virus in lung (left panel) and nasal tissue (right panel) homogenates were determined by plaque assay at days 1, 3 and 5 post-infection. Bars represent the mean viral titer from a group of 5 mice ± SD. Virus titers from GCS-treated mice were significantly higher than those from PBS-treated mice, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test. Data is representative of a minimum of 2 independent experiments.](srep07176-f4){#f4}

![Treatment of mice with GCS alters the inflammatory response in the airways.\
Groups of 5 C57BL/6 mice were treated with 20 μg GCS via the intranasal route 48 hrs and 24 hrs prior to inoculation with 10^2^ PFU of IAV (HKx31). Mice received additional doses of GCS 24 hrs post-infection and every 48 hrs thereafter. Uninfected mice treated with PBS or GCS were included for comparison. At days 3 and 5 post-infection, mice were sacrificed and BAL performed. (A) BAL cells were examined by flow cytometry for the presence of CD45^+^ leukocytes, neutrophils (Neut), airway macrophages (AM), dendritic cells (DC) and inflammatory macrophages (IM). Bars represent the mean cell number ± SD. Data is representative of 2 independent experiments. Cell numbers from GCS-treated IAV-infected mice were significantly different compared to PBS-treated IAV-infected mice, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test. (B) Concentrations of cytokines in BAL supernatants were determined by CBA at days 3 and 5 post-infection. Bars represent the mean concentration ± SD. The detection limit of each assay is indicated as a dotted line. Data is representative of 2 independent experiments. Levels from GCS-treated mice that were significantly elevated compared to PBS-treated, infected with IAV, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f5){#f5}

![GCS treatment of mice inhibits the induction of the anti-viral response following IAV infection.\
Groups of 5--7 mice were treated with 20 μg GCS via the intranasal route 48 hrs and 24 hrs prior to inoculation with 10^2^ PFU of IAV (HKx31). Mice received an additional dose of GCS 24 hrs post-infection. Uninfected PBS and GCS controls were included for comparison. (A) Mouse IFNα, IFNβ and IFNλ2 protein levels in BAL fluids 24 hrs post-infection were determined by ELISA. Bars represent the mean concentration ± SD. The detection limit of each assay is indicated as a dotted line. mRNA expression of (B) IFN genes *Ifnα*, *Ifnβ* and *Ifnλ~2~* and (C) anti-viral genes *Ifit1*, *Ifiti2* and *Isg15*, in lung tissue 48 hrs post-infection was detected by RT-PCR. Data is relative to the expression of *Gapdh*. Bars represent the mean ± SD. Data is representative of 2 independent experiments. Significantly reduced compared to PBS-treated IAV-infected mice, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f6){#f6}

![Intranasal administration of recombinant IFN following IAV infection improves the severe disease observed in GCS-treated mice.\
Groups of 5 C57BL/6 mice were treated with 20 μg of GCS via the intranasal route 48 hrs and 24 hrs prior to inoculation with 10^2^ PFU of IAV (HKx31). Mice received additional doses of GCS at 24 hrs post-infection and every 48 hrs thereafter. At day 1 post-infection, GCS-treated mice were administered 3000 IU of mouse IFNα~1~, IFNβ or IFNλ~2~ via the intranasal route. (A) Mice were weighed daily and data represents the mean % weight change ± SEM. Animals that had lost ≥15% of their original body weight were euthanized. (B) Survival curves are shown. (C) Titers of infectious virus in lung homogenates were determined by plaque assay at day 2 post-infection (24 hrs following IFN treatment). Bars represent the mean viral titer from a group of 5 mice ± SD. Virus titers from GCS-treated mice treated with IFN were significantly lower than GCS-treated mice not treated with IFN, \*\*\* *p* \< 0.001, one-way ANOVA and Tukey\'s post-test.](srep07176-f7){#f7}
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